Debate continues over the existence of human sex pheromones. Two substances, androstadienone (AND) and estratetraenol (EST), were recently reported to signal male and female gender, respectively, potentially qualifying them as human sex pheromones. If AND and EST truly signal gender, then they should affect reproductively relevant behaviours such as mate perception. To test this hypothesis, heterosexual, Caucasian human participants completed two computer-based tasks twice, on two consecutive days, exposed to a control scent on one day and a putative pheromone (AND or EST) on the other. In the first task, 46 participants (24 male, 22 female) indicated the gender (male or female) of five genderneutral facial morphs. Exposure to AND or EST had no effect on gender perception. In the second task, 94 participants (43 male, 51 female) rated photographs of opposite-sex faces for attractiveness and probable sexual unfaithfulness. Exposure to the putative pheromones had no effect on either attractiveness or unfaithfulness ratings. These results are consistent with those of other experimental studies and reviews that suggest AND and EST are unlikely to be human pheromones.
to the stimulus if exposed to AND or femaleness if exposed to EST. Such a finding would extend Zhou et al. ' s [27] findings from body perception to face perception, thus increasing the evidence that AND and EST signal gender. Second, we predicted that participants would rate the faces of potential mates differently for attractiveness when exposed to AND or EST as opposed to a control scent. Specifically, faces should appear more attractive when presented with the corresponding-gender chemical because of reinforcement from olfactory and visual modalities, or if the chemicals signal mate value, by indicating health or sexualization. In these scenarios, faces paired with the opposite-gender pheromone should appear less attractive because of contradictory or ambiguous gender information received via olfactory and visual modalities.
Our third prediction was that differences caused by exposure to AND or EST might extend to ratings of predicted unfaithfulness in potential mates. If these substances provide cues to potential reproductive competition, faces might appear more unfaithful when presented with the opposite-gender pheromone, as the opposite-gender pheromone might be interpreted as evidence of recent or frequent mating.
We tested these expectations using two computer-based tasks. The first task was intended to extend Zhou et al. ' s [27] findings that AND and EST cause gendered perception of gender-neutral stimuli. The second task was intended to expand on these findings by examining the effects of AND and EST on the perceived attractiveness and unfaithfulness of potential mates.
Materials and methods

Participants and task design
Self-reported heterosexual, non-smoking, adult Caucasian participants (43 male and 51 female; mean age = 23.7; s.d. age = 5.8) were recruited from the University of Western Australia campus. The first task tested perceptions of gender, and the second task assessed perceptions of attractiveness and unfaithfulness. Of the 94 participants, 46 completed the gender task, and 94 completed the two rating tasks. To control for individual differences in ratings, each participant completed the same tasks twice, on consecutive days, and received different olfactory stimuli on each day. Participants were assigned one of the two pheromone treatments (AND or EST, masked with clove oil) pseudo-randomly, to ensure balance, and every participant received the control (clove oil only). Stimulus order (treatment first or second) was randomized to counterbalance any effects of learning or familiarity. Treatments were administered by a cotton ball taped under the nose, so that participants were exposed to the assigned stimulus throughout each of the computer sessions. Testing took place in June-September 2015 under a male experimenter (R.M.H.; 48 participants) and March-July 2016 under a female experimenter (S.S.; 46 participants). Both tasks were displayed and recorded on a Macintosh computer (screen size = 21.5 inches; resolution = 1920 × 1080 pixels; operating system = OS X version 10.8.5).
The first task, lasting approximately 2-5 min, excluding a 2 min buffer for the treatment to take effect, showed participants five gender-neutral morphed faces (figure 1) for 2 s each and required the participant to assign a gender, either male or female, to each face. The proportion of faces perceived as female was recorded on each day, and a difference score was created for each participant by subtracting scores in the control condition from scores in the treatment condition. Each gender-neutral morph in this task was created by morphing five male and five female faces taken from the image set used in the ratings task (below), in Abrosoft FANTAMORPH DELUXE version 5.4.5. When choosing faces from the dataset for morphing, bald or bearded men were excluded to prevent distinctly gendered visual cues appearing in the morphs. Other than this stipulation, faces were selected randomly from the dataset. Prior to their use in the task, gender neutrality of the face morphs was confirmed in a pilot study by asking 82 (32 male) participants (mean age = 30.3; s.d. age = 12.1) whether the face morphs were male or female. Participants were no more likely to assign femaleness to a face than by chance alone (figure 1).
The second task, lasted approximately 10-25 min and continued directly from the first task. Participants were shown front-view colour photographs of opposite-sex Caucasian adult faces with neutral expressions for 2 s each. Oval masks hid most of the hair of the faces, leaving visible the face contour and inner hairline. Face images measured 320 × 420 pixels and were displayed at 72 pixels per inch. Female participants viewed 102 male faces (mean age of photographic models = 24.7; s.d. age = 6.9), and male participants viewed 86 female faces (mean age of photographic models = 24.5; s.d. age = 5.8). The photographs were taken from the same database used by Rhodes et al. [32] . Participants recorded attractiveness and predicted unfaithfulness scores, each on a scale from 1 (low) to 10 (high), for each face. Difference scores (treatment minus control) for average attractiveness and average unfaithfulness were Five gender-neutral face morphs used in the gender classification task. Eighty-two participants were no more likely to assign femaleness to face morphs than would be expected by chance (proportion assigning female with 95% CIs from binomial tests).
created for each participant. Contrary to previous studies [34] , experimenter sex had no effect on our results (for attractiveness, F 1,92 = 0.94 and p = 0.336; for unfaithfulness, F 1,92 = 0.09 and p = 0.765).
Steroid acquisition and preparation
AND and EST were purchased from Steraloids, Inc. (USA). Following the procedure in Zhou et al. [27] , 500 µM AND was suspended in 1% v/v clove oil propylene glycol solution (4 ml) for the 'male' treatment, and 500 µM EST was suspended in 1% v/v clove oil propylene glycol solution (4 ml) for the 'female' treatment (clove oil is commonly used to mask and control for any detectable scents, and to ensure treatments are indistinguishable by scent alone). The control treatment consisted of 1% v/v clove oil propylene glycol solution (4 ml). To ensure objectivity, a confederate mixed and assigned coded labels to the treatments, and the researchers remained blind to the identity of the treatment stimuli throughout testing and statistical analyses of data. Treatment containers were stored at −80°C. On testing days, the required treatment containers were taken from the freezer approximately 45 min before the first test to thaw before testing.
Statistical analysis
Analyses were performed in R version 3.1.2 [35] . All statistical models used in the analyses were tested for normality of residuals using Shapiro-Wilk tests for distribution [36] and Breusch-Pagan tests for equal variance [37] . RESET tests were performed to ensure appropriate model form [38] . ShapiroWilk tests were performed using the function built into R, and Breusch-Pagan and RESET tests were performed using the lmtest package [39] . In the case of models failing normality tests, the sandwich package was used to create robust covariate matrices for analysis [40] . Effect sizes (r) and 95% confidence Mean difference scores generated in the gender classification task from 46 participants exposed to one of two putative human pheromones, AND and EST. Differences calculated for each participant by subtracting control from treatment proportions (proportion of five gender-neutral faces perceived as female on separate days). Thick lines indicate medians, boxes indicate interquartile ranges, whiskers indicate minima and maxima, and points indicate means. A positive difference score would indicate that participants were more likely to attribute femaleness in the treatment setting than in the control setting.
intervals (CIs) for the factors of interest were also calculated [41] . The identity of the putative pheromones used in each treatment was revealed subsequent to statistical analysis.
Results
Gender classification task
The proportion of faces perceived as female in control and treatment sessions was calculated for each participant. A difference score was calculated for each participant by subtracting the control from the treatment proportion. Thus a difference score other than zero would indicate an effect of the putative pheromones on gender perception. A positive difference score would indicate the participant was more likely to attribute femaleness when exposed to the pheromone treatment, and a negative difference score would indicate the participant was more likely to attribute maleness when exposed to the pheromone treatment. A consistent positive difference score among participants exposed to EST would thus support our prediction that the substance signals femaleness. A consistent negative difference score among participants exposed to AND would support our prediction that AND signals maleness. Difference scores from all participants were pooled and analysed with three factors: pheromone (AND or EST), participant sex (FEMALE or MALE) and stimulus order (treatment FIRST or SECOND), including an interaction between pheromone and sex. Order was not a factor of interest but was included in the model to counterbalance any potential effects of learning in the experimental protocol or acquired familiarity with the stimulus set. ANOVA indicated no significant effects of any factor on difference scores (figure 2 and table 1).
Attractiveness ratings
Difference scores were calculated for each participant by subtracting the average attractiveness rating when exposed to the control stimulus from the average rating when exposed to the treatment stimulus.
Deviations from a mean difference of zero would thus indicate an effect of the treatment on attractiveness ratings. A positive difference score among participants exposed to matching-gender face and pheromone stimuli would support our prediction that AND and EST enhance attractiveness. As with the gender classification data, three between-participants factors were used: pheromone, order and participant sex, with an interaction between pheromone and sex. ANOVA indicated no significant effects (figure 3 and table 2) of participant sex or pheromones on the difference scores. There was a significant procedural effect of order; while there was no difference in ratings between treatment and control scents when the treatment (either AND or EST) was administered on the first day (difference score mean = 0.088, s.d. = 0.39), participants exposed to the treatment on the second day recorded negative difference scores (difference score mean = −0.31, s.d. = 0.50; table 2). This procedural effect had no bearing on our predictions and was excluded from further consideration.
Unfaithfulness ratings
Difference scores were taken for each participant by subtracting the average control unfaithfulness rating from the average treatment unfaithfulness rating. Again, a deviation from zero would indicate an effect of the putative pheromones. Our prediction that AND and EST affect judgements of unfaithfulness would be supported in the case that participants exposed to mismatching-gender of face and pheromone stimuli recorded positive difference scores (i.e. more unlikely to be unfaithful in a relationship). Three betweenparticipants factors were used: pheromone, order and participant sex, with an interaction between pheromone and sex. ANOVA indicated no significant effects of pheromone, sex or order on the difference scores recorded ( figure 4 and table 3 ).
Discussion
The hypotheses that exposure to the putative pheromones AND and EST would: (i) alter gender perceptions of gender-neutral stimuli, and (ii) alter perception of the attractiveness and probable unfaithfulness of potential mates were not supported. While consistent with studies like that of Ferdenzi et al. [19] , these results contrast with those of other studies showing that AND affects perceptions of attractiveness [26] and that AND and EST affect perceptions of gender [27] . There are several potential reasons why AND and EST did not have an effect in our study, falling into two categories: either our experimental design prohibited accurate determination of the substances' effects or the substances do not act as signals of gender or of mate value, in which case they do not qualify as sex pheromones. It is unlikely that problems with our experimental design interfered with measurements of the effects of AND and EST. Our treatment concentrations were identical to those deployed by Zhou et al. [27] , far exceeding concentrations present in human armpits but matching the standard set by pioneering studies of AND and EST [42] and used in virtually all studies of the chemicals. Other aspects of our experiment (e.g. repeated measures, exposure to gender-neutral stimuli) broadly matched those of Zhou et al. [27] . Other aspects of the experimental design are equally unlikely to have driven the discrepancy. It has been reported that AND and EST take effect within minutes and are potent for at least one hour [43] , and participants were alone for the duration of the testing period, so any chemicals secreted by the researchers were unlikely to have interfered with the experiment. Differences in experimental protocol between this study and that of Zhou et al. [27] are unlikely to explain the discrepancy in results between our studies. Nonetheless, we recognize that our gender assignment task was relatively underpowered, given the small number of stimuli used [44] .
The alternative explanation, that AND and EST are not sex pheromones, is more plausible. Although its association with pregnancy automatically qualifies EST as a sex-specific substance, it is possible that EST may not actively signal femaleness, instead signalling other information such as prior mating or is pregnant; it may alternatively be a simple metabolic by-product with no signalling function. Similarly, because AND is produced by both men and women, albeit in different quantities, the substance might have no sex-specific signalling functions, in which case one might expect that exposure to AND would have no substantial effects on judgements of gender or of potential mates. That higher concentrations of AND are not perceived as more pleasant than lower concentrations [23] adds weight to this conclusion. Finally, the prevalence of specific anosmia to androstenes in both men and women (at rates up to 37%) casts doubt on the evolutionary use of substances such as AND and EST in mate choice scenarios [23] . The pregnancy-specific nature of EST, the gender-ambiguous nature of AND and the prevalence of androstene anosmia might explain why exposure to AND and EST did not alter perceptions of gender, attractiveness or unfaithfulness, but do not explain the discrepancy in results between this study and those cited above.
One important strength of our study was blind data recording. Experimenters aware of treatment identities may be predisposed unconsciously to record data confirming their expectations or else unconsciously to predispose participants to do the same [45] . A recent movement has called for improved scientific reporting to reduce the incidence of this unconscious bias [45] [46] [47] [48] . Accordingly, the researchers of this study remained blind to the identity of the treatments (AND and EST) until after statistical analysis was complete. This removed the potential for unconscious bias in the recording of results, and prevented the researchers from predisposing participants to record biased ratings. The blind nature of data collection and analysis in our study lends increased weight to our conclusion that AND and EST do not function as human pheromones.
Following Wyatt [15] , we recommend a return to first principles in the search for human pheromones, and recommend scientific rather than commercial bioassays of human chemical output as an unbiased method of identifying true human pheromones. It is possible that AND and EST have functions, pheromonal or otherwise, unrelated to mate assessment, and it is likely there are other chemicals secreted by humans that are currently unknown but that may function as pheromones. Critical replication of reported effects of AND and EST, as well as research into the functions of other putative human pheromones, is recommended; however, if any human chemicals affect our judgements of gender, attractiveness or unfaithfullness from faces, they are unlikely to include AND or EST. 
